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FOREWORD 

This r e p o r t  was prepared  by the  P r a t t  & Whitney A i r c r a f t  D i v i s i o n  of 

Uni ted  A i r c r a f t  Corpora t ion  under C o n t r a c t  NAS3-7964. The c o n t r a c t  was 

a d m i n i s t e r e d  by t h e  N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n ,  L e w i s  

Research Center ,  Chemical and Nuclear Rocket Procurement S e c t i o n ,  Cleve- 

l a n d ,  Ohio. The NASA P r o j e c t  Manager f o r  t h e  c o n t r a c t  was M r .  E .  A. Edelman. 

This  i s  t h e  f i n a l  r e p o r t  on t h e  c o n t r a c t ,  summarizing t e c h n i c a l  e f f o r t  

d u r i n g  t h e  p e r i o d  30 June t o  3 0  November 1966. 

The fo l lowing  personnel  a t  the  P r a t t  & Whitney A i r c r a f t  F l o r i d a  

Research and Development Center  c o n t r i b u t e d  t o  t h e  t e c h n i c a l  e f f o r t  and 

p r e p a r a t i o n  of t h i s  r e p o r t :  W .  J.  McAnally, J .  M. Bryant ,  P. A. Thomas, 

and S .  A .  Mosier.  
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SECTION I 
INTRODUCTION 

The high-energy p r o p e l l a n t  combination, oxygen and hydrogen, has  t h e  

p o t e n t i a l  of h igh  s p e c i f i c  impulse f o r  upper -s tage  r o c k e t  p r o p u l s i o n  

sys tems.  However, t h e  p r o p e l l a n t s  do n o t  i g n i t e  spontaneous ly  and t h e r e -  

f o r e  some means must be provided f o r  i n i t i a t i n g  combustion. Various 

methods of i g n i t i n g  oxygen/hydrogen r o c k e t  engines  i n c l u d e  e l e c t r i c  s p a r k  

sys tems,  h o t  and exploding wi re s ,  i n j e c t i o n  o f  a h y p e r g o l i c  t h i r d  propel -  

l a n t  a t  s t a r t ,  and u s e  of i g n i t i o n - i n i t i a t i n g  a d d i t i v e s  i n  one p r o p e l l a n t  

t o  make t h e  combinat ion hypergol ic .  

The e l e c t r i c  s p a r k  i g n i t e r  has been developed t o  a h igh  degree  of 

r e l i a b i l i t y ,  a s  i n  t h e  P r a t t  & Whitney R L l O  oxygen/hydrogen r o c k e t  engine.  

However, i n  t h e  i n t e r e s t s  of  s i m p l i f i c a t i o n  i t  would be d e s i r a b l e  t o  

e l i m i n a t e  s e p a r a t e  i g n i t i o n  systems ; i n  a d d i t i o n ,  minor weight  sav ings  

would be r e a l i z e d .  Hot-wire i g n i t i o n  systems have t h e  same b a s i c  d i s -  

advantages a s  e l e c t r i c  s p a r k  systems,  a s  do exploding  w i r e  sys tems,  

which a l s o  a r e  g e n e r a l l y  l i m i t e d  t o  a s i n g l e  o p e r a t i o n a l  c y c l e .  I n j e c -  

t i o n  of a t h i r d  p r o p e l l a n t ,  such a s  t r i e t h y l b o r a n e ,  i n t o  t h e  combustion 

chamber i n  c o n j u n c t i o n  wi th  a n  o x i d i z e r  i e a d  i s  v e r y  e f f e c t i v e  but t h i s  

approach r e q u i r e s  a n o t h e r  complete p r o p e l l a n t  s u p p l y  system f o r  more than  

one s t a r t .  

Although t h e  u s e  of i g n i t i o n - i n i t i a t i n g  a d d i t i v e s  h a s  n o t  been a p p l i e d  

t o  a g r e a t  d e g r e e ,  t h i s  technique o f f e r s  c o n s i d e r a b l e  p o t e n t i a l  as a 

r e l i a b l e  means f o r  e f f e c t i n g  hypergol ic  i g n i t i o n  o f  oxygen and hydrogen. 

The u s e  of smal l  percentages  of ozone f l u o r i d e  (0 F ) i n  l i q u i d  oxygen 

h a s  been shown t o  be e f f e c t i v e  f o r  i g n i t i n g  0 2 / H 2  r o c k e t  e n g i n e s ,  bu t  

t h e r e  is a problem of a d d i t i v e  s t a b i l i t y .  The u s e  of f l u o r i n e  a s  an  

a d d i t i v e  t o  l i q u i d  oxygen t o  i n i t i a t e  combustion h a s  been s u g g e s t e d ,  and 

t h e  i d e a  is  a p p e a l i n g  i f  l a r g e  amounts of f l u o r i n e  a r e  n o t  r e q u i r e d .  

However, t h e  minimum f l u o r i n e  c o n c e n t r a t i o n  n e c e s s a r y  t o  a s s u r e  i g n i t i o n  

h a s  n o t  been w e l l  d e f i n e d .  

3 2  
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I f  t h e  amount of  f l u o r i n e  i n  t h e  o x i d i z e r  r e q u i r e d  f o r  r e l i a b l e  

h y p e r g o l i c  i g n i t i o n  i s  low (loo/ ,  or  l e s s )  m a t e r i a l  c o m p a t i b i l i t y  problems 

involved i n  a p p l i c a t i o n  of t h e  technique a r e  minimized, and t h e  conver- 

s i o n  of  e x i s t i n g  v e h i c l e  and engine o x i d i z e r  systems would n o t  be d i f f i -  

c u l t .  

could  a l s o  be used f o r  f u t u r e  v e h i c l e s .  

r e s t a r t  c a p a b i l i t y  would f a c i l i t a t e  u s e  of oxygen/hydrogen i n  a t t i t u d e  

c o n t r o l  sys tems,  which then could u s e  t h e  same p r o p e l l a n t s  a s  t h e  main 

e n g i n e ,  v a s t l y  s i m p l i f y i n g  v e h i c l e s  t h a t  now must employ d i f f e r e n t  pro-  

p e l l a n t s  and a s e p a r a t e  supply  s y s t e m  f o r  t h i s  f u n c t i o n .  

The e f f e c t  on launch o p e r a t i o n s  would be l i m i t e d ,  and t h e  approach 

Guaranteed i g n i t i o n  and m u l t i p l e  

However, i f  a l a r g e  percentage o f  f l u o r i n e  is  r e q u i r e d ,  t h e  e n t i r e  

v e h i c l e  and  engine  o x i d i z e r  system would have t o  be des igned  e s s e n t i a l l y  

f o r  100% f l u o r i n e  s e r v i c e .  I f  t h i s  were done, i t  would be more appro-  

p r i a t e  t o  use  loo”/, f l u o r i n e  t o  take  advantage  of  t h e  g r e a t e r  s p e c i f i c  

impulse p o t e n t i a l  t h a t  i s  a v a i l a b l e  u s i n g  f luor ine /hydrogen  i n s t e a d  of 

oxygen/hydrogen. 

It is t h e r e f o r e  important  t h a t  t h e  h y p e r g o l i c  i g n i t i o n  l i m i t s  f o r  

hydrogen and f luorine-oxygen mixtures  be e s t a b l i s h e d  a t  c o n d i t i o n s  l i k e l y  

t o  be encountered in s p a c e  engines  a t  i g n i t i o n .  Tests i n  l a b o r a t o r y - t y p e  

a p p a r a t u s  do n o t  provide  adequate  d e f i n i t i o n .  I g n i t i o n  t e s t  hardware 

must be f u n c t i o n a l l y  and g e o m e t r i c a l l y  r e p r e s e n t a t i v e  of a f lowing com- 

b u s t o r ,  s i m i i a r  t o  t h e  engine  s j r s t e ~  in which t h e  p r o p e l l a n t  combination 

might  u l t i m a t e l y  be used ,  i f  r e p r e s e n t a t i v e  d a t a  a r e  t o  be o b t a i n e d .  

Although t h e  d a t a  r e s u l t i n g  from a s m a l l - s c a l e  r e p l i c a  of a r o c k e t  engine 

a r e  r e l a t i v e  ( r a t h e r  than  a b s o l u t e ) ,  a much c l o s e r  approximation t o  t h e  

i g n i t i o n  d e l a y  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h e  p r o p e l l a n t  mixing and 

t u r b u l e n c e  i n  a f u l l - s i z e  combustion chamber can be obta ined .  

The exper imenta l  program d e s c r i b e d  h e r e i n  w a s  undertaken t o  de te rmine  

t h e  minimum percentage  f l u o r i n e  i n  oxygen n e c e s s a r y  t o  a c h i e v e  r e p e a t a b l e  

h y p e r g o l i c  i g n i t i o n  w i t h  hydrogen under  s i m u l a t e d  upper -s tage  l i q u i d  

r o c k e t  o p e r a t i n g  c o n d i t i o n s .  The program was accomplished by conduct ing 

a ser ies  of t es t s  over  a range  of f lox/hydrogen mixture  r a t i o s  w i t h  f l o x  

c o n t a i n i n g  v a r i o u s  percentages  of f l u o r i n e .  The s m a l l - s c a l e  r o c k e t  

motor used and t h e  p r o p e l l a n t s  were main ta ined  a t  l i q u i d  n i t r o g e n  t e m -  

p e r a t u r e s .  S p e c i a l  high-frequency response i n s t r u m e n t a t i o n  w a s  used t o  

2 
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s e n s e  i g n i t i o n .  The n e c e s s a r y  c l o s e  c o n t r o l  o f  a l l  t e s t  o p e r a t i n g  condi -  

t i o n s  and t h e  r a p i d  r e c o r d i n g  and r e d u c t i o n  of t e s t  d a t a  were p o s s i b l e  

through u s e  of an e l e c t r o n i c  events  sequencing system and a d i g i t a l  d a t a  

a c q u i s i t i o n  sys tem e x i s t i n g  a t  the t e s t  f a c i l i t y .  

3 
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SECTION 11 
SUMMARY 

The program o b j e c t i v e ,  experimental  d e f i n i t i o n  of t h e  l i m i t s  of hyper-  

g o l i c i t y  of f luor ine-oxygen mixtures  wi th  hydrogen under l i q u i d  r o c k e t  

o p e r a t i n g  c o n d i t i o n s  , was accomplished by conduct ing  f i v e  series of  

i g n i t i o n  t e s t s .  For each ser ies ,  a d i f f e r e n t  percentage  of f l u o r i n e  i n  

t h e  f l o x  m i x t u r e  was u s e d ,  and t e s t s  were conducted a t  mix ture  r a t i o s  

of approximate ly  1, 5 and 8. High-frequency response  i n s t r u m e n t a t i o n  

was used t o  s e n s e  i g n i t i o n  of co ld  gaseous hydrogen w i t h  pure f l u o r i n e  

and f l o x  m i x t u r e s  c o n t a i n i n g  5 3 . 4 ,  50.2,  46.5  and 39.5% f l u o r i n e  under 

a l t i t u d e  c o n d i t i o n s  i n  a s m a l l - s c a l e  r o c k e t  engine which was l i q u i d  n i t r o -  

gen cooled .  

Rapid i g n i t i o n  w i t h  minimum v a r i a t i o n  i n  d e l a y  t i m e s  was demonstrated 

w i t h  pure f l u o r i n e .  No i g n i t i o n  was recorded  f o r  t h e  t e s t s  conducted 

w i t h  39.5% f l u o r i n e  i n  f l o x ,  whereas i n  t h e  t e s t s  conducted w i t h  con- 

c e n t r a t i o n s  of 4 6 . 5 ,  50 .2  and 53.4% f l u o r i n e  i n  f l o x ,  i g n i t i o n  and/or  

s u s t a i n e d  combustion w a s  n o t  ob ta ined  under a l l  c o n d i t i o n s .  These 

r e s u l t s  i n d i c a t e  t h a t  f o r  p r a c t i c a l  d e s i g n  purposes t h e  f l o x  c o n c e n t r a -  

t i o n  necessary  f o r  c o n s i s t e n t  i g n i t i o n  is s u f f i c i e n t l y  h igh  t o  r e q u i r e  

t h a t  v e h i c l e  and engine systems using t h e  mixture  must be compat ib le  

w i t h  piire f l u o r i n e .  

4 
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SECTION 111 
CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

Based on t h e  exper imenta l  r e s u l t s  obta ined  i n  t h e  f lox/hydrogen 

i g n i t i o n  program, i t  is  concluded t h a t :  

1. G r e a t e r  than  53.4% f l u o r i n e  i n  f l o x  m i x t u r e s  is r e q u i r e d  

t o  a c h i e v e  r e l i a b l e  hypergol ic  i g n i t i o n  under a l t i t u d e  

l i q u i d  r o c k e t  o p e r a t i n g  c o n d i t i o n s  u s i n g  t y p e  347 s t a i n -  

less s t e e l  i n j e c t o r  and chamber hardware.  

2. To a minor degree ,  i n c r e a s i n g  t h e  m i x t u r e  r a t i o  decreased  

i g n i t i o n  d e l a y  t i m e s  and i n c r e a s e d  t h e  p r o b a b i l i t y  of com- 

b u s t i o n  be ing  s u s t a i n e d  a f t e r  i g n i t i o n  had occurred .  

3 .  S t a r t i n g  a t  a tmospheric  chamber p r e s s u r e  decreased  t h e  

p r o b a b i l i t y  t h a t  i g n i t i o n  would occur .  

B. RECOMMENDATIONS 

Because of t h e  number of c o n d i t i o n s  t h a t  i n f l u e n c e  i g n i t i o n ,  i t  is  

p o s s i b l e  t h a t  t h e  percentage  of f l u o r i n e  i n  f l a x  r e q u i r e d  f o r  r e l i a b l e  

h y p e r g o l i c  i g n i t i o n ,  a s  determined from t h i s  i n v e s t i g a t i o n ,  can be 

s i g n i f i c a n t l y  reduced.  It is t h e r e f o r e  recommended t h a t  a d d i t i o n a l  

exper imenta l  t e s t i n g  b e  conducted t o  de te rmine  t h e  e f f e c t  o f :  

1. Mainta in ing  i n j e c t i o n  momentum r a t i o  c o n s t a n t  w h i l e  i n c r e a s -  

i n g  m i x t u r e  r a t i o .  

2 .  I n c r e a s i n g  p r o p e l l a n t  mixing through v a r i a t i o n s  i n  i n j e c t o r  

d e s i g n  . 
3 .  Provid ing  a d e f i n i t e  precedence f o r  one of t h e  p r o p e l l a n t s  

d u r i n g  t h e  s t a r t  t r a n s i e n t  . 
4 .  Provid ing  t r a c e  amounts o f  o r g a n i c  s u b s t a n c e s  i n  t h e  hydrogen. 

5.  I n c r e a s i n g  one o r  both p r o p e l l a n t  tempera tures .  

6 . Using d i f f e r e n t  chamber w a l l  m a t e r i a l s .  

5 
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With r e s p e c t  t o  t h e  l a s t  i t em,  i t  i s  known t h a t  impor tan t  r e a c t i o n s  

t a k e  p l a c e  a t  t h e  m e t a l l i c  wal ls  o f  a combustion chamber and t h a t  d i f -  

f e r e n t  me ta l s  produce d i f f e r e n t  r e s u l t s .  Recent German experiments  

d e s c r i b e d  i n  the  Thi rd  Reynolds-Prandt l  Lec tu re  (Reference 1) i n d i c a t e  

t h a t  copper  has  a s t r o n g  c a t a l y t i c  e f f e c t  i n  t h e  f luor ine /hydrogen  

r e a c t i o n .  

I 
I 
I 
1 
1 
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SECTION I V  
IGNITION T E S T  PROGRAM 

A .  I G N I T I O N  TEST R I G  

The i g n i t i o n  t e s t  r i g  used i n  t h e  i n v e s t i g a t i o n  is  shown s c h e m a t i c a l l y  

i n  f i g u r e  1. It c o n s i s t s  of t h r e e  p a r t s :  a s i n g l e - e l e m e n t  impinging j e t  

i n j e c t o r ;  a combustion chamber having t h e  geometry of  a s m a l l - s c a l e  

r o c k e t  motor;  and an  exhaus t  plenum f o r  u s e  i n  a l t i t u d e  s i m u l a t i o n .  The 

i n j e c t o r  and chamber were a v a i l a b l e  from a f l o x / l i g h t  hydrocarbon hyper-  

g o l i c i t y  program d e s c r i b e d  i n  Reference 2. 

The s m a l l - s c a l e  r o c k e t  chamber i s  c o n s t r u c t e d  of type 347 s t a i n l e s s  

s t e e l ,  and i s  1 .2  inches  i n  diameter  over  a 2.6-inch l e n g t h  from t h e  

i n j e c t o r  f a c e  t o  a convergent  s e c t i o n  upstream of t h e  chamber t h r o a t .  

The convergent  and d i v e r g e n t  s e c t i o n s  of t h e  i n t e g r a l  expansion n o z z l e  

a r e  a t  a n g l e s  of 45 and 30 degrees t o  t h e  chamber a x i s  r e s p e c t i v e l y .  

With t h e  t h r o a t  d iameter  of 0.4 i n c h ,  t h e  c h a r a c t e r i s t i c  chamber l e n g t h  

is approximate ly  25 inches .  A l i q u i d  n i t r o g e n  c o o l i n g  j a c k e t  is pro-  

v i d e d  t o  m a i n t a i n  t h e  chamber body a t  l i q u i d  n i t r o g e n  tempera tures .  

S t e p s  were takeii t o  assure  good c o o l i n g  a t  t h e  t h r o a t  and t o  minimize 

thermal  conduct ion  from t h e  uncooled exhaus t  plenum f l a n g e .  A thermo- 

c o u p l e  was i n s t a l l e d  i n  t h e  v i c i n i t y  of t h e  t h r o a t  t o  monitor  chamber 

body tempera ture .  

The s i n g l e  e lement ,  t r i p l e t - t y p e  impinging j e t  ( t h r e e  f u e l  on one 

o x i d i z e r )  i n j e c t o r  used i n  t h e  i n v e s t i g a t i o n  i s  shown i n  f i g u r e  2 .  The 

o x i d i z e r  flow a r e a  is  0.00204 in?  and t h e  t o t a l  f low a r e a  of t h e  t h r e e  

f u e l  o r i f i c e s  is  0.0182 i n ?  

w i t h  r e s p e c t  t o  t h e  i n j e c t o r  face  and impingement occurs  approximate ly  

0.312 i n .  from t h e  i n j e c t o r  s u r f a c e .  The type  347 s t a i n l e s s  s t ee l  

i n j e c t o r  body was f a b r i c a t e d  with a n  i n t e g r a l  l i q u i d  n i t r o g e n  c o o l i n g  

passage  t o  prevent  h e a t i n g  of the l i q u i f i e d  f l o x  and c o l d ,  gaseous hydro- 

gen d u r i n g  s t a r t  t r a n s i e n t s .  

i n j e c t o r  body tempera ture .  

The f u e l  impingement a n g l e  is  60  degrees  

A thermocouple was provided t o  monitor  

7 
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Flox Inlet 

LN2 Cooling Jackets 

Injector Body 
Gaseous Hydrogen Inlet 

Pressure Transducer 

Chamber Kistler 

Chamber Throat 
Body Temperature 

Exhaust Plenu 

Pressure Transducer 
Connection 

Exhaust Plenum 
Kistler Transducer 

T o  GN2 Ejector 

F i g u r e  1. I g n i t i o n  T e s t  Rig Schematic  
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F i g u r e  2. Tr ip le t -Type  Impinging J e t  I n j e c t o r  FE 64991 

The reduced-pressure  exhaus t  plenum was u t i l i z e d  t o  s i m u l a t e  a l t i t u d e  

c o n d i t i o n s ,  minimize r e s i d u a l  purge gas  i n  t h e  chamber p r i o r  t o  i n i t i a t i o n  

of o x i d i z e r  and f u e l  f low,  and t o  prevent  f r o s t  format ion  on t h e  cooled 

i n t e r n a l  i n j e c t o r  and chamber s u r f a c e s .  The exhaus t  plenum was evacuated  

w i t h  a gaseous n i t r o g e n  o p e r a t e d  e j e c t o r  t o  provide  approximate ly  a 

1 - p s i a  ambient p r e s s u r e  environment i n  t h e  combustion chamber. A hinged 

blow-off d o o r ,  h e l d  i n  p l a c e  by the d i f f e r e n t i a l  p r e s s u r e  g e n e r a t e d  by 

t h e  e j e c t o r ,  provided c l o s u r e  p r i o r  t o  i g n i t i o n .  A t  i g n i t i o n ,  t h e  p r e s -  

s u r e  g e n e r a t e d  w i t h i n  t h e  chamber caused t h e  door t o  open. 

chamber w a s  n o t  l i q u i d - n i t r o g e n  cooled.  It w a s  b e l i e v e d  t h a t  f r o s t  

format ion  i n  t h e  v i c i n i t y  of t h e  blow-off door would have i n t e r f e r e d  

w i t h  opening,  t h e r e b y  c a u s i n g  o p e r a t i o n a l  d e l a y s .  

The exhaus t  

9 
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B. TEST FACILITY AND INSTRUMENTATION 

The h y p e r g o l i c  i g n i t i o n  i n v e s t i g a t i o n  w a s  accomplished i n  t h e  B-7 

t e s t  s t a n d  of  t h e  Rocket Engine Component Test  Area a t  P r a t t  & Whitney 

A i r c r a f t ' s  F l o r i d a  Research and Development Center .  The i g n i t i o n  tes t  

a p p a r a t u s  i n s t a l l e d  i n  t h e  t e s t  s tand  i s  shown i n  f i g u r e  3. A d e t a i l e d  

d e s c r i p t i o n  of t h e  t e s t  f a c i l i t y ,  i t s  p r o p e l l a n t  s u p p l y  system, d i g i t a l  

sequencer  and high-speed d i g i t a l  t a p e  r e c o r d i n g  sys tem,  i s  g iven  i n  

Appendix A .  A schemat ic  of t h e  t e s t  s t a n d  p r o p e l l a n t  system is p r e s e n t e d  

i n  f i g u r e  4 .  The s o l e n o i d - t y p e  run v a l v e s  shown i n  f i g u r e  4 were s p e c i a l  

l i q u i d - n i t r o g e n  s u b m e r s i b l e ,  f l u o r i n e  compat ib le  v a l v e s  t h a t  had been 

used i n  t h e  Reference 2 f l o x / l i g h t  hydrocarbon h y p e r g o l i c i t y  program. 

These v a l v e s  f e a t u r e  good r e p e a t a b i l i t y  and f a s t  r e s p o n s e .  

I n  a d d i t i o n  t o  s t a n d a r d  ins t rumenta t  ion f o r  p r e s s u r e  and tempera ture  

measurements,  s p e c i a l  high-frequency response  i n s t r u m e n t a t i o n  w a s  provided 

t o  s e n s e  i g n i t i o n .  P i e z o e l e c t r i c  dynamic p r e s s u r e  t r a n s d u c e r s  (marketed 

by K i s t l e r  Ins t rument  Corpora t ion)  and an  i n f r a r e d  r a d i a t i o n  s e n s o r  were 

used .  The i n f r a r e d  s e n s o r  was i n s t a l l e d  i n  t h e  t h r u s t  chamber; K i s t l e r  

t r a n s d u c e r s  were i n s t a l l e d  i n  both t h e  combustion chamber and t h e  exhaus t  

plenum s o  t h a t  t h e  p o i n t  a t  which i g n i t i o n  occurred  ( i n s i d e  o r  o u t s i d e  

t h e  combustion chamber) could  b e  e s t a b l i s h e d .  The d i f f e r e n t i a l  i n  t ime 

between i n d i c a t i o n s  from t h e  K i s t l e r  t r a n s d u c e r  i n  t h e  combustion chamber 

and t h a t  i n  t h e  exhaust  plenum provided t h e  n e c e s s a r y  d e f i n i t i o n .  

Blow-off Door 
- 1 

F i g u r e  3 .  I g n i t i o n  T e s t  Apparatus on B-7 S tand  

10  
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Kist ler  t r a n s d u c e r s  i n c o r p o r a t e  a n a t u r a l  q u a r t z  c r y s t a l  s e n s i n g  

element  w i t h  f l u s h  diaphragm c o n s t r u c t i o n ,  and t h e y  a r e  capable  of a 

3-microsecond r i s e  t i m e  t o  a s t e p  i n c r e a s e  i n  p r e s s u r e .  The i n f r a r e d  

r a d i a t i o n  s e n s o r  i s  a cadmium s e l e n i d e  photoconduct ion d e v i c e  t h a t  

r e g i s t e r s  i g n i t i o n  a s  a s t e p  change I n  v o l t a g e  a c r o s s  t h e  photoconduc- 

t i v e  c e l l .  The response  of t h e  photoconduct ive c e l l  i s  1 m i l l i s e c o n d  

t o  63% of t h e  s t e p  change i n  v o l t a g e .  

C .  TEST PROCEDURES 

The p a r t i a l  p r e s s u r e  method was used t o  p r e p a r e  f l o x  m i x t u r e s .  Gas- 

eous f l u o r i n e  and oxygen a t  540"R can  be c o n s i d e r e d  thermodynamically 

p e r f e c t  gases  over  a wide range of p r e s s u r e s .  S ince  mixtures  of t h e  

two can l i k e w i s e  be cons idered  t o  a c t  as p e r f e c t  g a s e s ,  t h e  chemical 

composi t ion of  f luorine-oxygen mixtures  was c a l c u l a t e d  from t h e  e q u a t i o n  

of s t a t e ,  u s i n g  t h e  pa r t i a l  p r e s s u r e  of e a c h  c o n s t i t u e n t  and t h e  volume 

of  t h e  f l o x  mixing t a n k .  

p a r t i a l  p r e s s u r e s  a s s u r e d  s t a t i s t i c a l l y  t h a t  t h e  t o t a l  e r r o r  i n  f l o x  

c o n c e n t r a t i o n  would be less than  +1%. I n  p r e p a r i n g  t h e  computer program 

used t o  c a l c u l a t e  f l o x  percentages ,  s t e p s  were taken  t o  account  f o r  

r e s i d u a l  amounts of he l ium purge gas  p r e s e n t  i n  t h e  f l o x  mixing tank  

p r i o r  t o  adding f l u o r i n e  and oxygen. 

The use o f  D a l t o n ' s  Law* t o  determine t h e  

To assme high  p u r i t y ,  t h e  gaseous f l u o r i n e  used w a s  ob ta ined  by 

v a p o r i z i n g  l i q u i d  f l u o r i n e .  Table I is t h e  s u p p l i e r ' s *  a n a l y s i s  of 

t h e  l i q u i d  f l u o r i n e  shipment (from which t h e  gaseous f l u o r i n e  was 

g e n e r a t e d ) .  

Table  I. L i q u i d  F l u o r i n e  A n a l y s i s ,  Weight Percentage  Basis 

F l u o r i n e  

Hydrof luor ic  Acid 

Carbon T e t r a f l u o r i d e  

Oxygen 

Ni t rogen  

99.8 

0.03 

0.02  

0.12 

0.03 

-k The p r e s s u r e  of a mixture  of gases  is  e q u a l  t o  t h e  sum of t h e  p a r t i a l  
p r e s s u r e s  of t h e  i n d i v i d u a l  components taken  each a t  t h e  tempera ture  
and volume of t h e  mixture .  

**Allied Chemical Company 

1 2  
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Prepared m i x t u r e s  o f  gaseous oxygen and f l u o r i n e  were t r a n s f e r r e d  t o  t h e  

l i q u i d - n i t r o g e n - c o o l e d  o x i d i z e r  run t a n k  where t h e y  were l i q u i f i e d .  The 

l i q u i d  f l o x  was p r e s s u r i z e d  w i t h  dry gaseous hel ium t o  a l e v e l  p r e c a l -  

c u l a t e d  t o  produce t h e  d e s i r e d  flow r a t e .  S i m i l a r l y ,  t h e  l i q u i d - n i t r o g e n -  

cooled f u e l  r u n  t a n k  was p r e s s u r i z e d  w i t h  gaseous hydrogen. 

The r e s u l t s  of s i x  i n j e c t o r  cold flows w i t h  l i q u i d  n i t r o g e n  and c o l d  

gaseous hydrogen i n d i c a t e d  t h a t  the o x i d i z e r  and f u e l  s o l e n o i d  r u n  v a l v e s  

should  be e n e r g i z e d  s imul taneous ly  t o  a c h i e v e  a s  n e a r  s imul taneous  pro-  

p e l l a n t  i n j e c t i o n  a s  p o s s i b l e .  This v a l v e  t iming  w a s  determined by 

c o r r e l a t i n g  o s c i l l o g r a p h  ana log  p r o p e l l a n t  f low t r a c e s  w i t h  high-speed 

motion p i c t u r e s  of t h e  i n j e c t o r  s p r a y  p a t t e r n .  

Each t e s t  was i n i t i a t e d  by e n e r g i z i n g  t h e  e l e c t r o n i c  d i g i t a l  sequen- 

cer c o n t r o l l i n g  t h e  flow of purge g a s ,  e j e c t o r  o p e r a t i o n ,  p r o p e l l a n t  

f low sequence,  t e s t  d u r a t i o n  and f u e l  l a g  a t  shutdown. The sequence of 

e v e n t s  f o r  a t e s t  was: 

1. I n i t i a t e  e j e c t o r  o p e r a t i o n  

2. Terminate f u e l  and o x i d i z e r  i n j e c t o r  purges 

3. Energ ize  f u e l  and o x i d i z e r  s o l e n o i d  r u n  v a l v e s  s imul taneous  i y  

4.  A f t e r  approximate ly  700 m i l l i s e c o n d s  , c l o s e  o x i d i z e r  run  

v a l v e  and zpen t h e  o x i d i z e r  purge v a l v e  s i m u l t a n e o u s l y  

5 .  Close f u e l  run  v a l v e  and open f u e l  purge v a l v e  s i m u l t a n e o u s l y  

6 .  Terminate e j e c t o r  o p e r a t i o n .  

D.  TEST RESULTS 

F i v e  se r ies  of t e s t s  were conducted w i t h  f luor ine-oxygen m i x t u r e s  

c o n t a i n i n g  v a r i o u s  percentages  o f  f l u o r i n e .  The f i r s t  t e s t  ser ies  w a s  

conducted  wi th  pure  f l u o r i n e  t o  e s t a b l i s h  base i g n i t i o n  d e l a y  times; 

remaining tes t  s e r i e s  were conducted u s i n g  c o n c e n t r a t i o n s  o f  53.4,  39 .5 ,  

50 .2  and 46.5% f l u o r i n e  i n  f l o x .  With each o x i d i z e r  m i x t u r e ,  t es t s  were 

conducted  a t  m i x t u r e  r a t i o s  of  approximately 1 . 5  and 8.  

13 
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A summary of i g n i t i o n  d e l a y  times and performance d a t a  f o r  a l l  t es t s  

is  presented  i n  t a b l e  11. The values  l i s t e d  f o r  m i x t u r e  r a t i o ,  chamber 

p r e s s u r e ,  p r o p e l l a n t  f low,  and i n j e c t i o n  momentum r a t i o  a r e  averages  of 

10 scans  of m i c r o s a d i c  d a t a  (82 scans p e r  s e c )  d u r i n g  r e l a t i v e l y  s t e a d y -  

s t a t e  p o r t i o n s  of each t e s t .  

A t y p i c a l  o s c i l l o g r a p h  analog t r a c e  showing i g n i t i o n  (from t e s t  

No. 15.01) i s  p r e s e n t e d  i n  f i g u r e  5 .  Because i g n i t i o n  d e l a y  t i m e  is a 

r e l a t i v e  measurement and is  dependent no t  o n l y  on t h e  chemical a f f i n i t y  

between t h e  o x i d i z e r  and t h e  f u e l ,  b u t  a l s o  on t h e  hydrodynamic e f f e c t s  

produced by t h e  i n j e c t o r  and chamber c o n f i g u r a t i o n ,  i g n i t i o n  d e l a y  time 

was d e f i n e d  a s  t h e  t i m e  increment between e n e r g i z a t i o n  of t h e  so lenoid  

v a l v e s  and t h e  occurrence  of i g n i t i o n .  The i n d i c a t i o n  of i g n i t i o n  was 

a s h a r p  r i s e  i n  t h e  chamber p r e s s u r e  t r a c e  from t h e  K i s t l e r  t r a n s d u c e r .  

That s e n s o r  c o n s i s t e n t l y  responded f a s t e r  than t h e  i c f r a r e d  s e n s o r  o r  

t h e  t h r e e  bare-wire  thermocouples i n  t h e  combus t i o n  chamber. 

Because of an  e r r o r  i n  t h e  f l o x  mixing procedure ,  t h e  f l o x  percentage  

l i s t e d  f o r  t es t s  No. 12.01 through 20.01 h a s  been c o r r e c t e d  t o  i n c l u d e  

a s m a l l  r e s i d u a l  amount of f l u o r i n e  t h a t  was i n  t h e  oxygen s i d e  of t h e  

f l o x  mixing system. 

The b a s e  i g n i t i o n  d e l a y  times f o r  t h e  f i r s t  se r ies  o f  t e s t s ,  conducted 

w i t h  p a r e  f l u e r i n e ,  ranged from 11 .9  t o  2 5 . 4  m i l l i s e c .  

I g n i t i o n  d e l a y  t i m e s  f o r  the second ser ies  of t e s t s ,  u s i n g  53.4% 

f l u o r i n e  i n  f l o x ,  ranged from 32.3 t o  4 7 1  m i l l i s e c .  I n  one o f  t h e  t e s t s  

a t  a mixture  r a t i o  of approximately 1, combustion was n o t  s u s t a i n e d  

a f t e r  a 2 0 4 - m i l l i s e c  delayed i g n i t i o n ;  however, 88 m i l l i s e c  l a t e r  i g n i -  

t i o n  occurred  a g a i n  and t h i s  t i m e  combustion was s u s t a i n e d .  During t h i s  

se r ies  of tes ts  no i g n i t i o n  was recorded  f o r  two of f o u r  t e s t s  t h a t  were 

i n i t i a t e d  a t  a tmospher ic  chamber p r e s s u r e  (because of an  exhaus t  plenum 

blow-off door  a i r  l e a k ) .  When t h e  t es t s  were r e p e a t e d  w i t h  t h e  e j e c t o r  

o p e r a t i n g  p r o p e r l y ,  t h e  s h o r t e s t  i g n i t i o n  d e l a y s  of t h a t  t e s t  ser ies  

r e s u l t e d .  

14 
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No i g n i t i o n  i n  e i t h e r  t h e  chamber o r  t h e  w a r m  exhaus t  plenum was 

recorded  f o r  t h e  t h i r d  ser ies  of t es t s  conducted w i t h  39.5% f l u o r i n e  

i n  f l o x .  

I g n i t i o n  d e l a y  t imes f o r  t h e  f o u r t h  s e r i e s  of t e s t s ,  u s i n g  50.2% 

f l u o r i n e  i n  f l o x ,  ranged from 48.2 t o  509 m i l l i s e c .  I n  t h e  l a t t e r  i n -  

s t a n c e  ( t e s t  No. 32.01) i g n i t i o n  occurred  i n  t h e  warm exhaust  plenum 

f i r s t ,  b u t  combustion was n o t  s u s t a i n e d .  I n  a l l  t es t s  except  t e s t  

No. 32 .01 ,  t h e r e  was approximately a 0.25 m i l l i s e c  l a g  i n  i g n i t i o n  

response  between t h e  K i s t l e r  t ransducer  l o c a t e d  i n  t h e  combustion chamber 

and t h e  one l o c a t e d  i n  t h e  exhaust plenum. I n  t e s t  N o .  32.01, t h e  ex-  

h a u s t  plenum K i s t l e r  t r a n s d u c e r  i n d i c a t e d  i g n i t i o n  approximate ly  1 . 3  

m i l l i s e c  sooner  than  t h e  chamber Kist ler  t r a n s d u c e r .  

I n  t h e  f i r s t  t e s t  of  t h e  f i f t h  s e r i e s  of t e s t s ,  conducted w i t h  46.5% 

f l u o r i n e  i n  f l o x ,  combustion again was n o t  s u s t a i n e d  a f t e r  a 265-mi l l i sec  

de layed  i g n i t i o n .  Approximately 200 m i l l i s e c  l a t e r  a f l u o r i n e  r e a c t i o n  

s t a r t e d  i n  t h e  o x i d i z e r  s o l e n o i d  r u n  v a l v e ,  which damaged t h e  t e s t  appa- 

r a t u s  and precluded f u r t h e r  t e s t i n g .  The damaged s o l e n o i d  v a l v e  i s  

shown i n  f i g u r e  6.  The r e a c t i o n  is b e l i e v e d  t o  have r e s u l t e d  when f l o x  

reached  epoxy-f i l l e d  windings through a f a i l e d  i n t e r n a l  weid between a 

t h i n - w a l l  nonmagnetic s l e e v e  and one o f  t h e  magnet ic  ends of t h e  s o l e -  

n o i d  v a l v e .  

The e f f e c t s  of m i x t u r e  r a t i o ,  momentum r a t i o ,  and equiva lence  r a t i o *  

on i g n i t i o n  d e l a y  t ime f o r  a l l  t e s t s  i n  which i g n i t i o n  occurred a r e  shown 

i n  f i g u r e s  7 ,  8 ,  and 9 , r e s p e c t i v e l y .  A t  t h e  lower mixture  r a t i o s  t h e r e  

was a n  i n c r e a s e d  p r o b a b i l i t y  t h a t  combustion would n o t  be s u s t a i n e d  a f t e r  

i g n i t i o n  had occurred .  There was a n  o v e r a l l  i n d i c a t i o n  of a d e c r e a s e  i n  

i g n i t i o n  d e l a y  t i m e  a t  h i g h e r  mixture  r a t i o s .  Most of the  tes ts  con- 

duc ted  a t  mix ture  r a t i o s  of  approximately 5 and 8 had i g n i t i o n  d e l a y  

t i m e s  of less than 100 m i l l i s e c ,  whereas a h i g h  percentage  of t h e  t es t s  

conducted a t  a m i x t u r e  r a t i o  of approximate ly  1 had i g n i t i o n  d e l a y  t imes 

g r e a t e r  t h a n  100 m i l l i s e c .  The e f f e c t  of mixture  r a t i o  is i n v e r s e l y  

r e f l e c t e d  i n  momentum r a t i o  and e q u i v a l e n c e  r a t i o  because t h e s e  parameters  

a r e  i n v e r s e  f u n c t i o n s  of mixture  r a t i o .  

*Sto ich iometr ic  m i x t u r e  r a t  i o / a c  t u a l  m i x t u r e  r a t  i o  
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6 .  O x i d i z e r  Solenoid  Valve Showing FE 
F l u o r i n e  Damage 
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I G N I T I O N  DELAY T I M E  VS M I X T U R E  R A T I O  
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0 - LOOX’Fl  u o r i n e  
0 - 53.47 F2 i n  F lox  
0 -  50.2%‘F2 i n  Flox 
0 - 46.57 F2 i n  FLox 

STEADY - S T A T E  M I X T U R E  R A T I O  

0 0 - Combust ion Sot  S u s t a i n e d  
After Ign 1 t 101. 

Plenum F i r s t ,  But 
Combust ion Not S u s t a i n e d .  

0 -  Z g n i t e d  i n  E x h a u s t  

F i g u r e  7 .  E f f e c t  of Mixture R a t i o  on I g n i t i o n  Delay Time 
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IGNITION DELAY TIME VS MOMENTUM RATIO 
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DF 52590 F i g u r e  8. E f f e c t  of Momentum Ratio on Ignition Delay Time 
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1006 
IGNITION DELAY TIME VS EQUIVALENCE RATIO 
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F i g u r e  9 .  E f f e c t  of Equiva lence  R a t i o  on I g n i t i o n  Delay T i m e  DF 52591 
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1. FACILITY DESCRIPTION 

The f lox /hydrogen  h y p e r g o l i c i t y  program was accomplished on B-7 t e s t  

s t a n d  i n  t h e  Rocket Engine Component T e s t  Area a t  P r a t t  & Whitney A i r -  

c r a f t ' s  F l o r i d a  Research and Development Center .  An o v e r a l l  view of t h e  

t e s t  s t a n d  and i t s  c o n t r o l  room is shown i n  f i g u r e  A - 1 .  The tes t  s t a n d  

is  equipped wi th  s p e c i a l l y  designed f l uo r ine -compa t ib l e  o x i d i z e r  c o n t r o l s  

such as remote o p e r a t i n g  v a l v e s ,  check v a l v e s ,  and hand-operated v a l v e s .  

The c a p a b i l i t y  e x i s t s  f o r  conduc t ing  a v a r i e t y  of i g n i t i o n ,  combustion 

and chamber c o o l i n g  i n v e s t i g a t i o n s ,  and i t  i s  r e g u l a r l y  used f o r  such .  

1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

F i g u r e  A - 1 .  Stand Complex and Con t ro l  Room FE 58475 

Both oxygen and f l u o r i n e  a r e  s u p p l i e d  from s t a n d a r d  gas s t o r a g e  

b o t t l e s ,  which a r e  kep t  i n  b l a s t - p r o t e c t e d  s t o r a g e  r a c k s .  

supp ly  p r e s s u r e  is 2200 p s i  and the f l u o r i n e  supp ly  p r e s s u r e  is 400 p s i .  

Gaseous hydrogen is  s u p p l i e d  from an  1800-psi  t e s t  a r e a  d i s t r i b u t i o n  network.  

The oxygen 

A- 1 
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The a n c i l l a r y  f l u i d s  a v a i l a b l e  f o r  u s e  a s  purges i n c l u d e  gaseous n i t r o g e n  

from an  1800-psi  tes t  area d i s t r i b u t i o n  network and gaseous hel ium from 

2200-psi  s t a n d a r d  gas  s t o r a g e  b o t t l e s .  

equipped w i t h  d r i e r s  t o  m a i n t a i n  t h e  m o i s t u r e  c o n t e n t  below 2 ppm. 

n i t r o g e n  is a v a i l a b l e  t o  c o o l  both t h e  f u e l  and o x i d i z e r  t o  140% and can  

b e  s u p p l i e d  t o  t h e  t e s t  s t a n d  i n  3600-gal r o a d a b l e  dewars.  

A l l  purge supply  systems are 

Liquid 

The c o n t r o l  room f e a t u r e s  a 40-channel d i g i t a l  sequencer  system, which 

is  programable i n  1 - m i l l i s e c  increments .  The d i g i t a l  sequencer  and i t s  

l o g i c  modules a r e  shown i n  f i g u r e  A-2. Any o r  a l l  of t h e  40 channels  can 

be t imed "on" o r  "off1 '  d u r i n g  the t i m e  i n t e r v a l  of  k 999.999 seconds .  A 

pa tchboard- type  programer i s  used t o  s e l e c t  t h e  t iming  of each channel  

as w e l l  as t o  p r e s e t  t h e  sequencer t o  an  i n i t i a l  s t a r t i n g  time. 

t i o n  t o  s t a r t ,  s t o p ,  and p r e s e t t i n g  t o  t h e  i n i t i a l  s t a r t  t ime,  t h e  se-  

quencer  is a l s o  c a p a b l e  of sk ipping  t i m e  o r  "advancing t o  shutdown." 

I n  a d d i -  

..... 
sr 3 . -  - 

- ,  

I 

F i g u r e  A-2. D i g i t a l  Sequencer and Logic Modules 

A-2 

- 
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2. DATA ACQUISITION 

A high-speed d i g i t a l  magnetic t a p e  r e c o r d i n g  system shown i n  f i g -  

u r e  A-3 is  a v a i l a b l e  f o r  u s e  on B-7  t e s t  s t a n d .  It i s  c a p a b l e  of  r e c o r d -  

i n g  60 low- leve l  i n p u t  ana log  t o  d i g i t a l  channels  a t  a r a t e  o f  5000 

samples per  second w i t h  an  accuracy of  f 0.2% of  f u l l  s c a l e .  

d a t a  a r e  reduced t o  e n g i n e e r i n g  u n i t s  and processed  i n t o  performance 

parameters  d i r e c t l y  from t h e  tape  r e c o r d ,  u s i n g  t h e  IBM 360 computer i n  

t h e  Computing Labora tory .  

sys tem,  s imul taneous  ana log  record ing  on a high-speed 36-channel  o s c i l -  

lograph  is p o s s i b l e .  A 100-channel events  r e c o r d e r  and 20 s t r i p  c h a r t  

channels  a r e  a v a i l a b l e  f o r  p r e t e s t  s e t u p  and f o r  moni tor ing  s e l e c t e d  

parameters  d u r i n g  t es t .  

The d i g i t a l  

I n  c o n j u n c t i o n  w i t h  t h e  d i g i t a l  t a p e  r e c o r d i n g  

F i g u r e  A - 3 .  High-speed D i g i t a l  
Recording Sys tern 

Tape 

A-3 
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To e n s u r e  t h a t  accuracy  remains w i t h i n  -+ 0.3% t o  0.5% of f u l l  s c a l e ,  

a l l  s t r a i n  gage p r e s s u r e  t r a n s d u c e r s  a r e  c a l i b r a t e d  a t  a minimum of 

4-month i n t e r v a l s  by comparing them t o  working s t a n d a r d s  main ta ined  i n  

t h e  I n s t r u m e n t a t i o n  Laboratory.  These working s t a n d a r d s  a r e  compared 

w i t h  a Company-maintained p r i m a r y  s t a n d a r d  t h a t  has  been c a l i b r a t e d  a t  

t h e  N a t i o n a l  Bureau of S t a n d a r d s .  The I n s t r u m e n t a t i o n  Engineer ing  Group 

m a i n t a i n s  a computerized record  of a l l  e v a l u a t i o n s ,  c a l i b r a t i o n s ,  and 

maintenance r e l a t i n g  t o  a l l  sens ing  and r e c o r d i n g  i n s t r u m e n t a t i o n .  The 

Data V a l i d i t y  Group reviews a l l  d a t a  t o  ensure  t h a t  accuracy  l i m i t s  a r e  

m a i n t a i n e d .  

3 .  FLUORINE PASSIVATION STAND 

P a s s i v a t i o n  i s  t h e  f i n a l  s t e p  i n  t h e  c l e a n i n g  p r o c e s s  of a l l  p a r t s  

d e s t i n e d  f o r  u s e  i n  f l u o r i n e  s e r v i c e .  P a s s i v a t i o n  c o n s i s t s  of exposure 

of  t h e  p a r t  t o  gaseous f l u o r i n e  a t  ambient tempera ture  w i t h  s e q u e n t i a l l y  

i n c r e a s e d  p r e s s u r e  s t a g e s  t o  a f i n a l  hard  p a s s i v a t i o n  p e r i o d  of  2 hours  

a t  200 p s i .  This  process  permits  any r e s i d u a l  contaminants  t o  r e a c t  

s l o w l y  w i t h o u t  i g n i t i o n  and renders  t h e  p a r t  i n e r t  t o  l i q u i d  f l u o r i n e .  

A l l  p a r t s  in tended  f o r  l i q u i d  f l u o r i n e  s e r v i c e  a r e  p a s s i v a t e d  i n  t h e  

Company-owned f a c i l i t y  shown i n  f i g u r e  A-4. Conta iners  and equipment 

a r e  a v a i l a b l e  f o r  t h e  p a s s i v a t i o n  o f  subassembly d e t a i l s  and f o r  t h e  

p a s s i v a t i o n  of assembl ies  such as  v a l v e s ,  pumps, i n j e c t o r s ,  and s m a l l  

chambers. 

A -4 
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F i g u r e  A - 4 .  F a c i l i t y  f o r  P a s s i v a t i o n  of  Liquid  
F l u o r i n e  P a r t s  
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